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Abstract

The current-sheet velocities in two groups of coaxial plasma accelerators, one
using refractory and the other non-refractory materials as insulators, aure compared. There
exists a large difference in sheet velocity between the two groups of accelerators in all cases,
i.e., the velocities in the accelerators with non-refractory insulators are slower than the
others. A direct cause for this is the marked difference between the two groups of accelerators
in the radial current carried by the current sheet. The impurity mass flow which follows the
current-sheet is observed particularly with the non-refractory insulator. The experimental
results obtained here generally support the physical model on insulator ablation originally
proposed by Keck. The accelerators with refractory insulators and with clean system also
have a similar process and the sheet velocity is limited. In this case, however, degassing
of light gas, e.g. hydrogen from the insulator wall, is probably responsible for the drag rather
than ablation. An analysis of the ablation problem is made, mainly following Workman's
results with the inclusion of an additional dimensionless parameter. The comparison between
the analysis and measurements shows reasonable agreement over a wide area of accelerator

operation.
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. Introduction

The propagation velocity of the current-sheet in a coaxial plasma accelerator is,
in general, limited (i.e., the velocity does not increase beyond a certain value even if the
total energy input to the accelerator is drastically increased). This may be one of the causes of
the discrepancy observed between theory and experiment. The velocity limitations of the
current-sheet in a coaxial plasma accelerator have been studied by a number of investigators
previously. Thom, Norwood and Jalufka M suggested that a drag force associated with ions
striking the cathode acts on the accelerating plasma. The velocity drag depends on the ion-
electron partition in the current-sheet and also on the atomic weight of the ambient gas used,
This drag is very high with the heavier gases such as argon or air but is negligibly small with
lighter gases (2) gnd this does not account for the velocity limitation generﬁlly observed in
various species of gas. There exists some possibility of a drag due to the growth of a viscous
boundary layer on the electrode wall behind the current-sheet. But, again the viscous drag is
considered to be too small 2) 1o provide an explanation of the limiting velocity. Keck @)
suggested that the velocity limitation observed in his magnetic annular shock tube may be due to
insulator ablation. Noting that only a portion of the total discharge current appears to move -
down the accelerator in the current-sheet, he has concluded that part of the drive current is
trapped near the insulator end wall. The ionized vapor of ablated material near the insulator
wall provides the current path and the additional mass introduced by the vapor contributes
as an inertial drag.

This problem has been taken up in this laboratory because we felt that this kind

of drag may be one of the major loss mechanism in the coaxial plasma accelerator and that it is



1.

far greater than the drag due to the inertia of the ambient gas itself. Keck's physical model
on the wall ablation was examined experimentally and existing analysis on the problem was
generalized to make it fit with the experimental resylt obtained. It is found that the insulator
wall ablation is indeed a serious velocity drag not only in an accelerator where non-refractory
materials are used as insulators but also with refractory insulators such as vycor or quartz which
provide a similar loss to the sheet propagation. The insulators of the latter-type material
degass (presumably hydrogen) rather than ablate themselves and again act as a strong drag af

a higher velocity of the current-sheet. Furthermore, dirtier accelerator with a refractory
insulator is found to behave more or less the same manner as accelerator with a non-refractory

insulator.



ll. Velocity Limitation due to Insulator Ablation

A. Accelerators and Experimental Arrangement

The dimensions of the coaxial plasma accelerators used in this investigation are listed
in Table | with their schematic diagram. The three accelerators used differ only in the inner
electrode diameters - the outer electrode diameter is kept the same. The length of the electrodes
is 22 cm, Two slots, —3]7 " wide and 15 cm long, are provided on the outer electrode along the
accelerator axis for the optical measurement. The insulator which spearates the two cylindrical
electrodes at the accelerator breech has the shape of a flat circular disc with a hole af the
center. The insulating materials used so far are lucite, mylar, alumina, pyrex and vycor glass
and these are easiiy interchanged by removing the inner electrode. The accelerator electrodes
are enclosed by a vacuum chamber 9-inch in diameter and 60 inches long which is made of
plexiglass. A capacitor of 60 pF capacity is charged up to 10 KV and the discharge is initiated
by triggering a vacuum spark switch ®). The quarter cycle time of the discharge is about 3.5
psec, which is rather slow compared with our previous investigations. Maximum discharge
current with 10 KV charging voltage is about 160 KA. The accelerator is operated with static
filling of the gases rather than a injection of propellant gas. The working gases used are hydrogen,
helium, nitrogen, and argon in the pressure range of 0.03 to 1.5 torr. The base pressure of the
vacuum chamber prior to the gas filling is always below 1 milli-torr, and after each shot the
chamber is pumped down and the gas is refilled to insure the purity of the gas. In addition to

this, a cold trap is used in the vacuum system to minimize the back flow of the diffusion pump oil.
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Most of the experimenmi measurements in the investigation consist of accurate
determination of the luminous front velocity. This is done by taking streak photographs
through the slot in the outer electrode of the :"noving plasma, An image converter camera with
a streak unit is used for the photography. Since the velocity of the luminous front varies with
time at the beginning of the quarter cycle as the discharge current increases, the velocity
measurements are made at a fixed phase or a fixed time of the discharge cycle rather than made
at fixed position of the accelerator barrel. This is done by recording oscillograms of the discharge
current and the image converter streak monitoring signal from the camera simultaneously, Fig. 1
shows a typical streak photograph and the oscillograms of the discharge current and the streak
signal recorded simultaneously. As can be seen, the luminous front is usually well defined for
the gas pressure range used in this investigation and the shot-to-shot reproducibility of the
measurement is 10 per cent or better in most cases. One notices bright second fronts in the
photograph which have approximately the same velocity as first front. As already reported in
previous reports” (4,5) , the first and second front in the streak photograph correspond to the
portions of current-sheet which intersect with the inner and the outer electrodes, respectively.
The second front is usually brighter than the first front because this part of the current-sheet,

along the outer electrode wall, forms a well-defined ring where the electron density is rather

high.

B. Velocity Difference

Although Keck proposed a possibility of drag due to the insulator ablation, a

systematic check on the sheet velocity difference between the accelerators with refractory and
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non-refractory insulators has not been done to the best of our knowledge. In order to avoid‘
further complications, the accelerator geometry is kept the same while the insulators are
changed from one material to another for comparison. Four different insulator materiaksare
used with accelerator # 7A and the sheet velocities are measured at fixed capacitor charging
voltage. The result is shown in Fig. 2 where the measured velocities are plotted against the
filling pressure of nitrogen. The velocities corresponding to the trials with insulator materials
of lucite and mylar give approximately the same value in the pressure range used here, The
velocities with vycor and pyrex glass are also very close to each other within the experimental
scatter. However, one notices a large velocity difference between the two groups of insulators,
i.e., velocities with a lucite insulator give about 65 per cent of that with vycor glass. Fig. 3
shows the similar measurement in hydrogen filling and again one finds that the velocities with
lucite are about 70 per cent of that with vycor glass. It should also be noted that all curves

4

redardless of the insulator material approximately follow the snowplow prediction U o< = ,

j>4

where U and f are the measured velocity and the gas density, respectively. (See section [l C).

C. Process of Insulator Wall Ablation

The velocity difference observed in the accelerator with refractory and non-refractory
insulators should almost certainly be caused by the ablation from the insulator wall. Keck @)
has already predicted that the inertial drag of material ablated from the walls is the main source
of the velocity limitation in an accelerator where non-refractory material is used. According

to him, the ablation of the insulator wall takes place in the early stage of the discharge. The

material from the wall quickly becomes ionized and, since it is af rest in a strong electric field,
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a current will flow producing both joule heating and acceleration of the material. A
well-confined standing arc is formed close to the insulator wall and in turn transfers a portion

of its heat (or energy) back fo the insulator end-wall generating a continuous flow of vapor

from the wall. Only a part of the total discharge cﬁrrenf would flow in the current-sheet

under this circumstance and this causes a reduction in the sheet velocity. The physical model ()
of the insulator abyloﬁon is illustrated in Fig. 4. The process is shown on a x - t diagram together
with assumed profiles of the magnetic field B, the electric field E, the material velocity U and
the current density J at a fixed time after the sheet speed has reached a steady value. The flow
was divided into five regions: (1) initial test gas ahead to the current-sheet, (2) a thin region
including the gas swept up by the current-sheet, (3) a region containing ablated material which
grows with fime but in which the ablated material is accelerated by a current at the wall and

(5) a thermal boundary layer of thickness & from which heat is conducted to the back wall to
produce ablation.

A qualitative check on Keck's model is made experimentally. First in order to
examine the existence of ablated material flow behind the current-sheet, two monochromators
are focused to two different axial locations of the accelerator barrel through the slots in the
outer electrode. The line of sight of both monochromators is perpendicular to the accelerator
axis. Among the probable impurities, the singly and doubly ionized carbon spectral lines seem to
be the most intense lines behind the current-sheet when lucite is used as an insulator. Figure 5
() shows typical photoelectric signals of the ClI 4267 X lineat z=7cm and z = 15cm

{insulator wall is z = 0) respectively. As can be seen the first arriving peak which has a relatively

10
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low amplitude is followed by a high and broad pulse. The initial carbon line signal coincides
with the current-sheet and the second peak is the flow of ablated carbon atoms from the insuldfor.
The propagation velocity of each pulse can be derived from the time delay measured on the
oscillogram. Figure 5 (b) is a similar recording of the CIl 4267 X signal taken with a

6 KV charging voltage. The second peak in this case is very low in amplitude compared with

the first peak in contrast with the 10 KV case. The third peak on the oscillogram is the current-
sheet produced by a reversed discharge of second half-cycle. In order to check the carbon ion
formation near the insulator wall, a monochromator is focused so as to look primarily at a

portion of the volume in the vicinity of the insulator wall. This is done by observing the plasma
from the back of the accelerator through the insulator disc. The photoelectric signals of the

Cll‘ 4267 Z and CIlIl 4647 2\ lines are §hown in Fig. 6, where the discharge current waveforms
are also recorded. The peaks of both Cl{ and CllIl line signals coincide with the discharge current
maximum in time and the amplitude of the signal is. negligibly small at the beginning and the end
part of the first half cycle, This indicates that the ablation does not take place at the lower
discharge current and this may be the reason why the second Cll signal in the case of 6 KV in
Fig. 5 (b) is so low in amplitude.

The same spectroscopic observations are made with Accelerator # 7A where vycor
glass is used as an insulator. The carbon line signals appear to be far less intense than in the
case of the lucite insulator and do not form a distinct second peak. Possible silicon lines are
also examined but these line.signals are found to be.neglibibly small. The above observations

confirm that the carbon impurities are produced as a result of the insulator wall (lucite) ablation

13
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and that the current-sheet is followed by a flow of ablated material (carbon) which supports
Keck's model.

A magnetic probe is used to measure B, in order to determine the proportion of -
current carried in the current-sheet. The integrated probe signals with Accelerator # 7A with
lucite and vycor glass insulators are shown for comparison in Fig. 7. As can be seen the
signal waveforms are different, i.e. the current carried in the current-sheet in the case of the
lucite insulator is very small compared with the case of the vycor glass insulator. One also sees
a ’considerable partion of the discharge current conducted in the region behind the current-sheet
probably through the ablated material. Figure 8 shows the measured radial current in the annulus
where results with two different capacitor charging voltage are compared. In the case of 10 KV,
the current carried by the sheet is less than 50 per cent whereas about 80 per cent of the total
discharg current is carried in the front with 6 KV. This is expected from the fact that far less

ablation takes place with the low discharge current.

15
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ll. Ablaticn Andlysis

A.  Workman's Analysis

.%Workman ©) has developed a theory about the insulator ablation which is based
on the physical model proposed by Keck. The conclusion of the analysis is that the ratio of
the observed velocity Up to the ideal velocity Uy is determined solely by the correlation

parameter B = __2_6_;__3_ , Where ¢, and m , are respectively the ionization potential
my, U
A Yo

and atomic weight of the insulator material. The ideal velocity U, is the velocity that

corresponds to the case of no ablation and is related to the magnetic field B, and initial gas

Bo _ 2

densit by the expression ) = 4 U _ Yol
Y f) Y 2}-‘0 3 g ~o

where By, = o

and where | o

and r are the total discharge current and the radius of the inner electrode, respectively. The

. U . ° .
ratio —UP- decreases as Uo increases (or as B decreases) and the ratio falls rapidly for small
o v

values of B,
Workman's result is examined experimentally under a wide variety of conditions of
accelerator operations. Figures 9 and 10 show a plot of Up vs, U

o
gas filling, respectively. The ideal velocity Uo is varied by changing the gas pressure, i.e,

o for hydrogen and nifrogen

Jo , while the charging voltage is kept at 10 KV. In general, the ratio ( _%_p_) drops rather
o e
rapidly as the ideal velocity increases and the ratio is definitely higher with vycor glass than with

lucite insulator as expected, However, Up_ obtained in the accelerator with the vycor glass
Uo
(or pyrex) insulator, which is supposed to be a refractory material, also shows the very same

tendency as the lucite insulator indicating that the accelerator with refractory material may also

18
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have a similar loss mechanism. The other important fact is that the ratio is also dependent on
the accelerator geometry even with the same insulator material. This fact indicates that

Workman's relation with a single correlation parameter does not hold generally. One notices

that Up goes up beyond unity at lower value of U, when nitrogen gas is used. This
V)

problem is discussed in section Il C.

B. Analysis and Comparison with the Experiment

In Workman's treatment of the problem, he assumed the fraction of ionization in the
vicinity of the insulator wall to be negligible. Spectroscopic signals shown in Fig. 6 indicate
an abundant amount of singly and doubly ionized carbon atoms near the insulator wall while the
current-sheet accelerates down the tube. Therefore, it is reasonable to assume that there is in
fact a considerable fraction of ionization in this region. This assumption in furn brings in
another correlation parameter which mostly depends on the accelerator geometry near the
insulator and on the total discharge current.

We refere to Reference (6) for a description of the physical model for ablation
originally proposed by Keck. Following Workman, we apply the conservation equations to the
standing arc near the insulator end-wall. For the standing arc zone, the following quantities
near the wall are denoted by the subscript "o" and those downstream by "d". Applying conser-

vation of momentum and energy across the zone ©) , one obtains

Momentum
Nk T, + (—~§/3;-)=wud+ (—3%;—) m

21



and

Energy

w(Ltui+4h,))=€1, @

where ngo and T, are the electron density and electron temperature near the
wall, respectively, ws is the mass flow of ablated vapor,
B is the magnetic field,
h is the enthalpy,

E is the electric field,

and | is the total current per unit width flowing in the arc.
We make use of the following relationships ©)
f= T, 3)
ho
hy = —2
d my 4
= 5
Ng m, Ufh ( )
_, 8kT, @&
Up= (Sl ©)
A
E = UyBg @)
and | = Bo~Bq (8)
Mo

where f iis the fraction of gas ionized at the wall,
m, is the atomic weight pf the insulator material,

€ is the ionization potential of insulator material,

22



n, is the gas number density near the wcallv,

and Uy, s the initial velocity and is taken to be the termal velocity corresponding to
the wall temperature T .

Using the c;bove relationships, Egs. (1) and (2) become

T.2 |z / 2 2
Wit - Sl ) 1= e (87-80), 0

; € U, 8
and u;[ _mr +2—-U J __4__4__(3 B, ) , (10)
The above equations can be combined to yield
€2
8, _ | [+ 71:; Uz
B, 3— —=2&_ _ 4fk ( T T . \% (m
mA UJ Ud gk my Ter
Defining the dimensionless parameters
2€;
24
m, U2 , (12)
and 2 T, Us . (13)
Eq. (11) becomes
Bd 1+ a
BC T-asu . (14

23



Denoting the flow quantities at the magnetic piston by the subscript "p", the magnetic field

and velocity are related by

where f; is the initial test gas density. From Eq. (15), an "ideal” velocity that corresponds

to the no-ablation case can also be defined by

BS _ 4
24 = 3 5 u; (16)

It is convenient to introduce two new dimensionless parameters, i.e.,

b= 26 — ey

T , : (17)
f U Uy _
and 7 Tw. U, U, v . (18)
Equation (14) becomes
| B
_i_.B —_— l + sz; U )2
Bo S 3 . ﬁ ‘.: ’Z (]9)
(U, (4/u,) .
B
Since 9. = &i_, one obtains the following equation for Uq
Bo Uo Uo
Uy Uy 2 U
— — — — — .
) = () =) -l =) - =0 (20

24



Note that if 4 =0, one recovers eq, (18) of Reference (6). Thus the relative value of #
compared to unity determines whether this parameter can be neglected.

Two types of solutions are considered following Reference (6) i.e., (1) the
magnetic piston has a sub-Alfvén speed or (2) the piston velocity is super-Alfvénic. Let
=B, beavalue of B which separates the two flow regimes and one can easily derive the

following equation

B =046l (fr) - L= | 34 ), (21)

where é—u“—-) is determined from
Uo c

n 72
[l — Tz TY(L#6] — 55) — 3739
508 .

-

For B > B. the piston velocity is sub-Alfvénic and Up = Ug. Putting Up = Uy into Eq. (20)

b

one obtains

3(“5?‘)3—(’"*7)(—,}7%“)2“#(%)“@=0 (23)
fo2p <l

of which the solution is

L L
—-‘1—30 = A+ B¥ + ————';’L (24)

25



where

6 = - -5- 32 -%
P == (';70 3 )
b — 2 (1eq - O &

For 0 < B & B the velocity Uy and Uy, are related by the following equation
B, Uy z 1 %
Up— U, = 2(S ) (B = (8,7 ] (25)

Using this relation, we obtain a solution of Eq. (20) for the super-Alfvénic case, i.e.,

-1 i %
()= s 2ty )? @)
0£B £B

where %"d is given by
[}

0.46/ (—7%—)2—— 2"773 ( 5” )J—B8=20

or

- 1/—-7—1 + .84
( Uy ):_ zos t Vimrt 546
U, 0.92 i (27)

Equations (24) and (26) are plotted in Fig. 11 giving the ratio of the actual magnetic
piston velocity to the ideal velocity as a function of B and the parameter 7 . The case of

7 = 0 corresponds to Workman's result. On the same graph, experimental values are also

26
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plotted for comparison. U, is varied by changing the gas pressure while the charging voltage

of the capacitor is kept at 10 KV. One immediately notices the ratio %f depends on the

[}

accelerator geometry and is, not in agreement with Workman's result in these cases, i.e.,

N =0. In ‘general, the smaller the radius ratio —?— is, the greater is the ratio TLJ'—’ . Figure 12
I 0

shows the same plot of TLJI_E vs. B for Accelerator # 7B where two cases of different capacitor
, o
charging voltage are compared. As can be seen, the /( = 0.8 curve for 6KV and the 7 = 1.2
curve for 10 KV seem to fit approximately with.the measured value. This difference can be
expected from the data shown in Fig. 5 (b). Experimental points of gf in the super-Alfvénic
regime of B do not seem to fit well with fhei theoretical curve in both cases of Fig. 11 and

Fig. 12 and show more or less lower values of "LJIS .

Experimental evidence including Fig. 9 and 10 implies that in an accelerator with a
vycor (or pyrex) glass insulator and with a reasonably clean system, the velocity limitation of the
current-sheet is very much in the same manner as that for a non-refractory insulator. The
spectroscopic survey indicates far less intense carbon lines near the insulator wall of vycor glass
than that of lucite or mylar; however, some ofhér material other than glass itself may be degassed
from it causing a loss similar to the wall ablation. In fact this process of degassing is
indistinguishable from the wall vaporization in the above analysis. It is known ®) that quartz,
vycor and pyrex glass are capable of absorbing extraordinary amounts of light gases such as helium
and hydrogen within a short period of time. Therefore, it is quite conceivable that a considerable

amount of hydrogen is degassed from the insulator wall during the discharge and immediately ionized

to form a standing arc. The ratio Yy is plotted against B with Accelerator # 7A which uses
o
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vycor glass as an insulator, Taking m, = 1 (hydrogen) instead of m, = 10 one obtains the
result shown in Fig. 13 and experimental points fit well with the curve of # =0. The current
sheet velocity with vycor insulator is higher than that with the lucite insulator in the same
accelerator geometry and at the same filling pressure because of its lighter atomic weight

of exhausted gas from the former insulator; however, it still has the same loss mechanism and

its current-sheet velocity is severely limited at a higher value of Ug. The absorption and the
desorption of the gas from the vycor insulator may be reduced somewhat b} repeating the discharge
and evacuation(discharge cleaning)but it may be difficult to eliminate the absorption since it

has a good chance of absorbing hydrogen gas again right after the discharge, during the gas
flushing and refilling time. The quantity of hydrogen released by the insulator, electrodes,

etc., during the discharge may not be small even in a reasonably clean system.
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B. Miscellaneous Remarks

The value of —g’i for Accelerator # 7C and 7B is higher than for Accelerator # 7A.
This is due to the fact that the sheet velocity measured with Accelerator # 7B and 7C is higher
for their raoﬁus ratio compared with that observed in Accelerator # 7A, According to the |
relation of U= (—SZ%, velocities of the leading front with Accelerator # 7B (r = 16 mm)
and # 7C (r = 20 mm) should be about 70 per cent and 55 per cent of that with Accelerator # 7A
(r = 11 mm) respectively. Fig. 14 and 15 show a large departure from the above prediction and
the analysis described in a previous section assumes this is due to the difference in insulator
wall ablation or similar loss (degassing) among accelerators of different geometry. However,
as to whether the discrepancy is solely due to the ablation loss has yet to be confirmed.

Furthermore, an accelerator with a larger inner electrode diameter, i.e. # 7C and
7B, tend to give Z/Lib greater than unity at a lower value of U, (Uy & 7 em/psec) in nitrogen

o

and argon gas when a refractory material is used as an insulator (Fig. 10). This means the

measured velocities are greater than the ideal velocity of U, = (—f—;zf'%;_% where By (r}) = E%lr"a
and 1 is the total discharge current. This may be an indication that some other
mechanism of plasma acceleration exists in this range of sheet velocity.
The current-sheet velocities in hydrogen, nifrogen ohd argon gas filling are plotted
against gas density and a log-log plot of this is shown in Fig. 16. As stated earlier, one cén
see the measured values in hydrogen and argon fall well into lines which have slope of £ ¢ ,

and are in agreement with the snowplow model in this range of gas density. However, one notices

that in the case of argon, the velocity is higher than in the case of hydrogen.
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IV. Conclusion

The current-sheet velocities in the two groups of coaxial plasma accelerators
where refractory and non-refractory materials are used as an insulating disc, respectively,
are compared in a wide variety of operating conditions. There exists a large difference in
sheet velocity between the two groups of accelerators in all cases, i.e., the velocities in the
accelerators with non-refractory insulators are slower than the others. A direct cause for this
is that the measured radial current in the currenf-sheei; is very small (being only a fraction of
the total discharge current) compared to the accelerators with a refractory insulator. The
impurity mass flow (mainly carbon atoms) which follows the accelerating current-sheet is
observed and the impurity flow is mainly produced as a result of the insulator (non-refractory)
wall ablation. The experimental observations appear to generally support Keck's proposed model
of the ablation loss mechanism. The accelerators with vycor (or pyrex) glass and with reasonably
clean system also have a severe loss process at a higher sheet velocity. In this case probably
degassing of hydrogen (or helium) from the insulator is responsible for the drag rather than
ablation. An analysis of the ablation problem is made mainly following Workman's result but
an additional dimensionless parameter n is included. The parameter 7 enters as a result of an
assumption that the fraction of the ionization in the vicinity of the insulator wall is not negligible
and this is found to account for the geometric effect of an accelerator on the ratio Y .

0

The analytical curves which plot —-gf— vs. B seem to fit réasonably well with the measurements
except for the very low values of B (super Alfvénic regime). The plot of the sheet velocity vs.
gas density show typical snowplow-type dependence of the gas densify regardless of its insulator

material or species of filling gas in the gas pressure range used in this investigation.
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